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Why LB-ν Needs NuPRISM: 
The Eν Measurement Problem

• It is now believed that large E biases can 
exists due to nuclear and non-nuclear effects 
(e.g. multinucleon interactions)

• Models are very difficult to produce and 
show large disagreements

• Without a data-driven constraint, this will 
likely be a dominant uncertainty for T2HK

• Typical near detectors likely cannot provide 
a sufficient constraint
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FIG. 1: (Color online) The spreading function d(Eν , Eν) of Eq. (4) per neutron of 12C in the

case of electrons evaluated for three Eν values. The genuine quasielastic (dashed lines) and the

multinucleon (dotted lines) contributions are also shown separately.

III. APPLICATIONS

A. T2K

Here the situation is relatively simple as one deals with a long baseline experiment [10, 11]

with oscillation mass parameters already known to a good accuracy. We have pointed out

[4] the interest of the study for T2K of the muon events spectrum both in the close detector

and in the far detector since the two corresponding muonic neutrino beams have different

energy distributions. The study of the reconstruction influence on the electron events in

the far SuperKamiokande detector was performed in our Ref. [4], it is discussed again here

in our new reversed perspective. The two muon beams in the close and far detectors and

the oscillated electron beam at the far detector having widely different energy distributions,

the effect of the reconstruction is expected to differ in all three. The muon neutrino energy

distribution in the close detector, normalized with an energy integrated value of unity,

Φνµ(Eνµ) is represented in Fig. 2 as a function of Eνµ. At the arrival in the far detector it

is reduced by a large factor which depends on the oscillation parameters and its expression
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Benefits of a Monoenergetic Beam
• First ever measurements of NC 

events with Eν

• Much better constraints on 
NC oscillation backgrounds

• First ever “correct” 
measurements of  CC events 
with Eν

• No longer rely on final state 
particles to determine Eν

• It is now possible to separate 
the various components of 
single-μ events!

• This is also very interesting to 
the nuclear physics community
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NuPRISM in Oscillation Analyses
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is more closely matched. On the other hand, the analy-
sis with the smoothed weights is less sensitive to uncer-
tainties on the flux model and nuPRISM detector model
that have an o↵-axis angle dependence since neighboring
bins have similar weight values. The statistical errors are
also smaller for the smoothed weight case since the sum
in quadrature of the weights in a given neutrino energy
bin is smaller when there are less fluctuations in weight
values. In the analysis presented here, the smoothed
weights are used, although the optimization of the level
of smoothness is an area where the analysis will be im-
proved in the future.
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The The ννPRISM Detector:PRISM Detector:

Mark Hartz, Kavli IPMU (WPI), University of Tokyo and TRIUMF Mark Hartz, Kavli IPMU (WPI), University of Tokyo and TRIUMF 
(for the T2K collaboration)(for the T2K collaboration)

Neutrino oscillations and interactions

Neutrino oscillation probabilities depend on the neutrino energy:

Experiments observe a rate of interactions and subset of exclusive 
final states.

T2K measures the momentum (p
l
) and scattering angle (θ

l
) of the 

final state lepton in CC interactions (with no observed pion).

Often we collapse these observables into a single observable, 
reconstructed energy:

We rely on neutrino interaction models to predict the interaction rate and 
to relate final state observables  (E

rec
) to the true neutrino energy E

ν
.

P (νμ→νμ)≈1−sin
2
2θ23 sin

2 Δm32

2
L

4Eν

Erec=
El−ml

2 /(2MN)

1−(El− pl cosθl)/M N

Recent Interaction Model Developments

The MiniBooNE CC0π measurement (PRD 81, 092005 (2010)) has 
motivated the development of models including scattering on correlated 
nucleons in the nucleus.

These models predict potentially large components of the cross section 
where there is a significant bias between E

rec
 and E

ν
.

This mis-reconstructed tail in the CC0π cross section can vary significantly 
between models. 

Martini et. al. PRD 87 (2013) 013009 

Quasi-elastic peak

Tail from 
multinucleon 
interactions

Challenge for Oscillation Measurements

The feed-down effect from this tail in the reconstructed energy cannot be 
easily constrained with near detector data:

SK Oscillated Flux

E
ν
→E

rec
 Smearing 

(E
ν
=0.8 GeV)

ND280 Flux

E
ν
→E

rec
 Smearing 

(E
ν
=0.8 GeV)

The feed-down can populate the dip region in the oscillated spectrum (left) 
biasing a θ

23
 measurement.  The same events are difficult to detect under the 

not-oscillated flux peak at the near detector.

Studies of the potential bias on sin2θ
23

 due to mis-modeling of this feed-down, 

even when near detector data are used:

T2K: 4.3% (From comparison of NEUT and ad-hoc model motivated by 
calculation of Martini et. al.)

P. Coloma et. al.: 11.3% (From comparison of GiBUU and GENIE) 
(PRD  89, 073015)

The νPRISM Detector

Systematic errors related to interaction modeling, including the exclusive final states are significant.

We need to know the response (interaction rate and final states) for neutrinos at each energy in the oscillated 
spectrum

Solution:  Take advantage of the off-axis effect to simultaneously detect neutrino spectra peaked at different 
energies.

νPRISM: a ~50 m tall water Cherenkov detector located ~1 km from the T2K neutrino source → Covers off-axis 
angles from 1º to 4º.

Events detected in νPRISM have an additional observable: the off-axis angle (θ
OA

), based on the position of the 

interaction vertex in the detector.

Based on the neutrino flux model, we can assign a different underlying neutrino energy spectrum for each 
observed θ

OA
.

One detector with many different neutrino spectra peaked at different energies can be used to measure the 
response (rates and final states) for an arbitrary spectrum shape (see below).

Neutrino beam mean direction

Average neutrino 
production point

θ
OA

 = 4º

θ
OA

 = 2.5º

θ
OA

 = 1.5º

θ
OA

 = 1.0º

(not to scale)

Detecting off-axis angles at νPRISM

Oscillation Analysis with νPRISM

We have performed a Monte Carlo based analysis using νPRISM in the T2K ν
μ
 disappearance 

measurement.

The spectra in i bins of off-axis angle form a set of basis functions: Φ
i

νp(E
ν
).

For a given oscillation hypothesis, we expand the oscillated flux at SK in terms of these basis 
functions:

The C
i
 are derived using the neutrino flux model predictions for νPRISM and SK.

Now we can predict the event distribution at SK using the observed event distributions at νPRISM 
in the i bins of off-axis angle, N

i

νp(E
rec

), and the coefficients C
i
:

In practice there are additional corrections for NC or antineutrino backgrounds and efficiency and 
acceptance differences between SK and νPRISM.

ΦSK (E ν)×P νμ→νμ
(E ν |θ23 ,Δm32

2 )=∑
i=1

NOA

CiΦi

ν p(E ν)

N pred

SK (Erec |θ23 ,Δm32

2 )=∑
i=1

NOA

Ci N i

ν p(Erec)
M

SK

M i

ν p
Fiducial mass 
ratio

SK oscillated flux

Linear combination of 
νPRISM off-axis fluxes

The expansion in terms of νPRISM fluxes works well 
down to ~400 MeV.  Below that, we need to apply 
corrections.

The region of the flux that feeds down into the oscillation 
dip is well modeled by the linear combination.

Flux Model Uncertainties

The C
i
 linear coefficients are derived based on the flux model.

For systematic variations on the flux model, how well does the linear 
combination of νPRISM fluxes reproduce the true SK flux?

Plots show ratios relative to the nominal 
flux for systematic variations.

Top – a change to the hadron production 
model has a similar effect on the 
νPRISM linear combination and true SK 
flux

Bottom - For a change to the beam 
direction, the discrepancy is larger since 
the effect on the flux varies more with 
off-axis angle.

All together, the flux uncertainties are
 5-10%, depending on the neutrino 
energy bin.

Results from Analysis with νPRISM

The νPRISM analysis uses two sets of simulated events:

(1) A nominal NEUT based sample is used to derive all of the corrections applied in 
the νPRISM extrapolation procedure described above.

(2) Toy data are generated by adding generated multinucleon events to NEUT     
using the model of Nieves et. al. (PRC 83:045501) or an ad-hoc model motivated 
by the model of Martini et. al. (PRC 84:055502).

The predicted SK spectrum is derived with the extrapolation procedure using MC (1) 
and toy  νPRISM data from MC (2).

Toy SK data from MC (2) are then fit using the νPRISM derived predicted spectra.

The predicted SK spectra using the linear combination of νPRISM toy data model 
well the change to the SK spectra from adding the multinucleon events.

We compare results on the fitted biases for sin2θ
23

 with a previous T2K study that 

used a similar toy Monte Carlo method and constraints from ND280 toy data:

sin2θ
Mult-N

-sin2θ
Nominal

      -0.1       -0.05          0          0.05        0.1

Toy data fits with νPRISMToy data fits with ND280

Mean = -0.013
RMS =   0.015

The bias in sin2θ
23

 measurements is almost completely eliminated, while the 

variation among the toy experiments is also reduced.

Preliminary

When multinucleon events are added to the νPRISM 
toy data, their effect is propagated to the predicted 
SK spectrum (blue histogram above). 

νPRISM and Short-Baseline Oscillations

Particle ID in water Cherenkov detectors such as SK can separate well muons, electrons and π0s.

Can do a search for electron neutrino appearance in νPRISM to probe short-baseline oscillations 
through a sterile neutrino.  Motivated by LSND and MiniBooNE anomalies.

Unique approach using bins in off-axis angle keeps the baseline fixed while varying the average 
energy of the neutrino spectrum.

Initial analysis uses 10 bins in off-axis angle from 1º to 4º.

In each off-axis angle bin, we use 10 bins in reconstructed energy.

Systematic uncertainties on the neutrino flux and cross section models are applied.

At the moment, no constraint from ND280 event rates or the muon neutrino event rates in νPRISM 
are applied.

Assume 5.4e20 protons on target for each off-axis angle bin – achievable during lifetime of T2K – 
and a 8 m diameter inner detector.

90% confidence exclusion sensitivity for ν
e
 appearance

Have sensitivity to exclude the MiniBooNE allowed region 
at 90% confidence.

Expect significant improvements to the analysis by 
using ND280 data, measuring the electron 
neutrino/muon neutrino rates in νPRISM, and 
increasing the selection efficiency and purity.

Conclusion

Modeling the relationship between E
rec

 and E
ν
 is a potentially dominant 

source of systematic uncertainty for future precision oscillation 
measurements.

The νPRISM detector minimizes the model dependence by taking 
advantage of the off-axis effect to directly constrain the relationship 
using data.

Preliminary studies show that the systematic uncertainty related to this 
modeling can be significantly reduced with νPRISM data.

The νPRISM detector also has the potential to probe other physics, 
such as short base-line neutrino oscillations.

T2K is working to fully evaluate the potential of νPRISM as a near 
detector for the T2K experiment.

Preliminary

Discreteness 
due to Δχ2 grid

SK Toy Data, w/o Multinucleon

SK Toy Data, w/ Multinucleon

w/ Multinucleon

FIG. 11. A sample fit of the flux in 30 nuPRISM fluxes to
an oscillated Super-K flux is shown. Good agreement can
be achieved, except at low energies due to the 4� maximum
o↵-axis angle seen by nuPRISM.

The nuPRISM candidate events are events with a sin-
gle observed muon ring and no-other observed particles,
matching the selection applied at Super-K. After the
ci

�
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�
coe�cients are derived, they are used to

make linear combination of observed candidate event dis-
tributions from each nuPRISM o↵-axis bin. In this case
the observables are the momentum and polar angle of
the scattered muon candidate, and hence the expected
Super-K distribution of these observables is predicted by
the linear combination of observed nuPRISM events.

In order to use these nuPRISM measurements to make
an accurate prediction of Super-K muon kinematics, a se-
ries of corrections are required. First, non-signal events
from either neutral current events or charged current
events with another final state particle above Cherenkov
threshold, must be subtracted from each near detector
slice. This is particularly important for neutral current
events, which depend on the total flux rather than the
oscillated flux at Super-K, but depend on the oscillated
flux in the nuPRISM linear combination. This back-
ground subtraction is model dependent, and is a source
of systematic uncertainty, although neutral current inter-
actions can be well constrained by in situ measurements
at nuPRISM. The di↵erences in detector e�ciency and

FIG. 12. The weights for each o↵-axis bin produced in the
nuPRISM flux fits are shown after requiring that neighboring
bins have similar values (top; as in Figure 13 left column) and
with neighboring bins allowed to vary more freely relative to
each other (bottom; as in Figure 13 right column).

resolution must also be corrected. The e�ciency di↵er-
ences are due to di↵erences in detector geometry and are
largely independent of cross section modeling. Detec-
tor resolutions must be well determined from calibration
data, but this e↵ect is somewhat mitigated due to the
fact that the near and far detector share the same de-
tector technology. Finally, for the present analysis, the
two dimensional muon momentum vs angle distribution
is collapsed into a one dimensional Erec distribution us-
ing a transfer matrix, Mi,p,✓ (Erec). This is an arbitrary
choice that does not introduce model dependence into the
final result, and has only been used for consistency with
existing T2K ⌫µ disappearance results. Future analyses
can be conducted entirely in muon momentum and angle
variables.

The final expression for the nuPRISM prediction for

Match Super-K Oscillated Flux
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is more closely matched. On the other hand, the analy-
sis with the smoothed weights is less sensitive to uncer-
tainties on the flux model and nuPRISM detector model
that have an o↵-axis angle dependence since neighboring
bins have similar weight values. The statistical errors are
also smaller for the smoothed weight case since the sum
in quadrature of the weights in a given neutrino energy
bin is smaller when there are less fluctuations in weight
values. In the analysis presented here, the smoothed
weights are used, although the optimization of the level
of smoothness is an area where the analysis will be im-
proved in the future.
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Neutrino oscillations and interactions

Neutrino oscillation probabilities depend on the neutrino energy:

Experiments observe a rate of interactions and subset of exclusive 
final states.

T2K measures the momentum (p
l
) and scattering angle (θ

l
) of the 

final state lepton in CC interactions (with no observed pion).

Often we collapse these observables into a single observable, 
reconstructed energy:

We rely on neutrino interaction models to predict the interaction rate and 
to relate final state observables  (E

rec
) to the true neutrino energy E

ν
.

P (νμ→νμ)≈1−sin
2
2θ23 sin

2 Δm32

2
L

4Eν

Erec=
El−ml

2 /(2MN)

1−(El− pl cosθl)/M N

Recent Interaction Model Developments

The MiniBooNE CC0π measurement (PRD 81, 092005 (2010)) has 
motivated the development of models including scattering on correlated 
nucleons in the nucleus.

These models predict potentially large components of the cross section 
where there is a significant bias between E

rec
 and E

ν
.

This mis-reconstructed tail in the CC0π cross section can vary significantly 
between models. 

Martini et. al. PRD 87 (2013) 013009 

Quasi-elastic peak

Tail from 
multinucleon 
interactions

Challenge for Oscillation Measurements

The feed-down effect from this tail in the reconstructed energy cannot be 
easily constrained with near detector data:

SK Oscillated Flux

E
ν
→E

rec
 Smearing 

(E
ν
=0.8 GeV)

ND280 Flux

E
ν
→E

rec
 Smearing 

(E
ν
=0.8 GeV)

The feed-down can populate the dip region in the oscillated spectrum (left) 
biasing a θ

23
 measurement.  The same events are difficult to detect under the 

not-oscillated flux peak at the near detector.

Studies of the potential bias on sin2θ
23

 due to mis-modeling of this feed-down, 

even when near detector data are used:

T2K: 4.3% (From comparison of NEUT and ad-hoc model motivated by 
calculation of Martini et. al.)

P. Coloma et. al.: 11.3% (From comparison of GiBUU and GENIE) 
(PRD  89, 073015)

The νPRISM Detector

Systematic errors related to interaction modeling, including the exclusive final states are significant.

We need to know the response (interaction rate and final states) for neutrinos at each energy in the oscillated 
spectrum

Solution:  Take advantage of the off-axis effect to simultaneously detect neutrino spectra peaked at different 
energies.

νPRISM: a ~50 m tall water Cherenkov detector located ~1 km from the T2K neutrino source → Covers off-axis 
angles from 1º to 4º.

Events detected in νPRISM have an additional observable: the off-axis angle (θ
OA

), based on the position of the 

interaction vertex in the detector.

Based on the neutrino flux model, we can assign a different underlying neutrino energy spectrum for each 
observed θ

OA
.

One detector with many different neutrino spectra peaked at different energies can be used to measure the 
response (rates and final states) for an arbitrary spectrum shape (see below).

Neutrino beam mean direction

Average neutrino 
production point

θ
OA

 = 4º

θ
OA

 = 2.5º

θ
OA

 = 1.5º

θ
OA

 = 1.0º

(not to scale)

Detecting off-axis angles at νPRISM

Oscillation Analysis with νPRISM

We have performed a Monte Carlo based analysis using νPRISM in the T2K ν
μ
 disappearance 

measurement.

The spectra in i bins of off-axis angle form a set of basis functions: Φ
i

νp(E
ν
).

For a given oscillation hypothesis, we expand the oscillated flux at SK in terms of these basis 
functions:

The C
i
 are derived using the neutrino flux model predictions for νPRISM and SK.

Now we can predict the event distribution at SK using the observed event distributions at νPRISM 
in the i bins of off-axis angle, N

i

νp(E
rec

), and the coefficients C
i
:

In practice there are additional corrections for NC or antineutrino backgrounds and efficiency and 
acceptance differences between SK and νPRISM.

ΦSK (E ν)×P νμ→νμ
(E ν |θ23 ,Δm32

2 )=∑
i=1

NOA

CiΦi

ν p(E ν)

N pred

SK (Erec |θ23 ,Δm32

2 )=∑
i=1

NOA

Ci N i

ν p(Erec)
M

SK

M i

ν p
Fiducial mass 
ratio

SK oscillated flux

Linear combination of 
νPRISM off-axis fluxes

The expansion in terms of νPRISM fluxes works well 
down to ~400 MeV.  Below that, we need to apply 
corrections.

The region of the flux that feeds down into the oscillation 
dip is well modeled by the linear combination.

Flux Model Uncertainties

The C
i
 linear coefficients are derived based on the flux model.

For systematic variations on the flux model, how well does the linear 
combination of νPRISM fluxes reproduce the true SK flux?

Plots show ratios relative to the nominal 
flux for systematic variations.

Top – a change to the hadron production 
model has a similar effect on the 
νPRISM linear combination and true SK 
flux

Bottom - For a change to the beam 
direction, the discrepancy is larger since 
the effect on the flux varies more with 
off-axis angle.

All together, the flux uncertainties are
 5-10%, depending on the neutrino 
energy bin.

Results from Analysis with νPRISM

The νPRISM analysis uses two sets of simulated events:

(1) A nominal NEUT based sample is used to derive all of the corrections applied in 
the νPRISM extrapolation procedure described above.

(2) Toy data are generated by adding generated multinucleon events to NEUT     
using the model of Nieves et. al. (PRC 83:045501) or an ad-hoc model motivated 
by the model of Martini et. al. (PRC 84:055502).

The predicted SK spectrum is derived with the extrapolation procedure using MC (1) 
and toy  νPRISM data from MC (2).

Toy SK data from MC (2) are then fit using the νPRISM derived predicted spectra.

The predicted SK spectra using the linear combination of νPRISM toy data model 
well the change to the SK spectra from adding the multinucleon events.

We compare results on the fitted biases for sin2θ
23

 with a previous T2K study that 

used a similar toy Monte Carlo method and constraints from ND280 toy data:

sin2θ
Mult-N

-sin2θ
Nominal

      -0.1       -0.05          0          0.05        0.1

Toy data fits with νPRISMToy data fits with ND280

Mean = -0.013
RMS =   0.015

The bias in sin2θ
23

 measurements is almost completely eliminated, while the 

variation among the toy experiments is also reduced.

Preliminary

When multinucleon events are added to the νPRISM 
toy data, their effect is propagated to the predicted 
SK spectrum (blue histogram above). 

νPRISM and Short-Baseline Oscillations

Particle ID in water Cherenkov detectors such as SK can separate well muons, electrons and π0s.

Can do a search for electron neutrino appearance in νPRISM to probe short-baseline oscillations 
through a sterile neutrino.  Motivated by LSND and MiniBooNE anomalies.

Unique approach using bins in off-axis angle keeps the baseline fixed while varying the average 
energy of the neutrino spectrum.

Initial analysis uses 10 bins in off-axis angle from 1º to 4º.

In each off-axis angle bin, we use 10 bins in reconstructed energy.

Systematic uncertainties on the neutrino flux and cross section models are applied.

At the moment, no constraint from ND280 event rates or the muon neutrino event rates in νPRISM 
are applied.

Assume 5.4e20 protons on target for each off-axis angle bin – achievable during lifetime of T2K – 
and a 8 m diameter inner detector.

90% confidence exclusion sensitivity for ν
e
 appearance

Have sensitivity to exclude the MiniBooNE allowed region 
at 90% confidence.

Expect significant improvements to the analysis by 
using ND280 data, measuring the electron 
neutrino/muon neutrino rates in νPRISM, and 
increasing the selection efficiency and purity.

Conclusion

Modeling the relationship between E
rec

 and E
ν
 is a potentially dominant 

source of systematic uncertainty for future precision oscillation 
measurements.

The νPRISM detector minimizes the model dependence by taking 
advantage of the off-axis effect to directly constrain the relationship 
using data.

Preliminary studies show that the systematic uncertainty related to this 
modeling can be significantly reduced with νPRISM data.

The νPRISM detector also has the potential to probe other physics, 
such as short base-line neutrino oscillations.

T2K is working to fully evaluate the potential of νPRISM as a near 
detector for the T2K experiment.

Preliminary

Discreteness 
due to Δχ2 grid

SK Toy Data, w/o Multinucleon

SK Toy Data, w/ Multinucleon

w/ Multinucleon

FIG. 11. A sample fit of the flux in 30 nuPRISM fluxes to
an oscillated Super-K flux is shown. Good agreement can
be achieved, except at low energies due to the 4� maximum
o↵-axis angle seen by nuPRISM.

The nuPRISM candidate events are events with a sin-
gle observed muon ring and no-other observed particles,
matching the selection applied at Super-K. After the
ci

�
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�
coe�cients are derived, they are used to

make linear combination of observed candidate event dis-
tributions from each nuPRISM o↵-axis bin. In this case
the observables are the momentum and polar angle of
the scattered muon candidate, and hence the expected
Super-K distribution of these observables is predicted by
the linear combination of observed nuPRISM events.

In order to use these nuPRISM measurements to make
an accurate prediction of Super-K muon kinematics, a se-
ries of corrections are required. First, non-signal events
from either neutral current events or charged current
events with another final state particle above Cherenkov
threshold, must be subtracted from each near detector
slice. This is particularly important for neutral current
events, which depend on the total flux rather than the
oscillated flux at Super-K, but depend on the oscillated
flux in the nuPRISM linear combination. This back-
ground subtraction is model dependent, and is a source
of systematic uncertainty, although neutral current inter-
actions can be well constrained by in situ measurements
at nuPRISM. The di↵erences in detector e�ciency and

FIG. 12. The weights for each o↵-axis bin produced in the
nuPRISM flux fits are shown after requiring that neighboring
bins have similar values (top; as in Figure 13 left column) and
with neighboring bins allowed to vary more freely relative to
each other (bottom; as in Figure 13 right column).

resolution must also be corrected. The e�ciency di↵er-
ences are due to di↵erences in detector geometry and are
largely independent of cross section modeling. Detec-
tor resolutions must be well determined from calibration
data, but this e↵ect is somewhat mitigated due to the
fact that the near and far detector share the same de-
tector technology. Finally, for the present analysis, the
two dimensional muon momentum vs angle distribution
is collapsed into a one dimensional Erec distribution us-
ing a transfer matrix, Mi,p,✓ (Erec). This is an arbitrary
choice that does not introduce model dependence into the
final result, and has only been used for consistency with
existing T2K ⌫µ disappearance results. Future analyses
can be conducted entirely in muon momentum and angle
variables.

The final expression for the nuPRISM prediction for

Match Super-K Oscillated Flux
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is more closely matched. On the other hand, the analy-
sis with the smoothed weights is less sensitive to uncer-
tainties on the flux model and nuPRISM detector model
that have an o↵-axis angle dependence since neighboring
bins have similar weight values. The statistical errors are
also smaller for the smoothed weight case since the sum
in quadrature of the weights in a given neutrino energy
bin is smaller when there are less fluctuations in weight
values. In the analysis presented here, the smoothed
weights are used, although the optimization of the level
of smoothness is an area where the analysis will be im-
proved in the future.
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Neutrino oscillations and interactions

Neutrino oscillation probabilities depend on the neutrino energy:

Experiments observe a rate of interactions and subset of exclusive 
final states.

T2K measures the momentum (p
l
) and scattering angle (θ

l
) of the 

final state lepton in CC interactions (with no observed pion).

Often we collapse these observables into a single observable, 
reconstructed energy:

We rely on neutrino interaction models to predict the interaction rate and 
to relate final state observables  (E

rec
) to the true neutrino energy E

ν
.

P (νμ→νμ)≈1−sin
2
2θ23 sin

2 Δm32

2
L

4Eν

Erec=
El−ml

2 /(2MN)

1−(El− pl cosθl)/M N

Recent Interaction Model Developments

The MiniBooNE CC0π measurement (PRD 81, 092005 (2010)) has 
motivated the development of models including scattering on correlated 
nucleons in the nucleus.

These models predict potentially large components of the cross section 
where there is a significant bias between E

rec
 and E

ν
.

This mis-reconstructed tail in the CC0π cross section can vary significantly 
between models. 
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Challenge for Oscillation Measurements

The feed-down effect from this tail in the reconstructed energy cannot be 
easily constrained with near detector data:

SK Oscillated Flux

E
ν
→E

rec
 Smearing 

(E
ν
=0.8 GeV)

ND280 Flux

E
ν
→E

rec
 Smearing 

(E
ν
=0.8 GeV)

The feed-down can populate the dip region in the oscillated spectrum (left) 
biasing a θ

23
 measurement.  The same events are difficult to detect under the 

not-oscillated flux peak at the near detector.

Studies of the potential bias on sin2θ
23

 due to mis-modeling of this feed-down, 

even when near detector data are used:

T2K: 4.3% (From comparison of NEUT and ad-hoc model motivated by 
calculation of Martini et. al.)

P. Coloma et. al.: 11.3% (From comparison of GiBUU and GENIE) 
(PRD  89, 073015)

The νPRISM Detector

Systematic errors related to interaction modeling, including the exclusive final states are significant.

We need to know the response (interaction rate and final states) for neutrinos at each energy in the oscillated 
spectrum

Solution:  Take advantage of the off-axis effect to simultaneously detect neutrino spectra peaked at different 
energies.

νPRISM: a ~50 m tall water Cherenkov detector located ~1 km from the T2K neutrino source → Covers off-axis 
angles from 1º to 4º.

Events detected in νPRISM have an additional observable: the off-axis angle (θ
OA

), based on the position of the 

interaction vertex in the detector.

Based on the neutrino flux model, we can assign a different underlying neutrino energy spectrum for each 
observed θ

OA
.

One detector with many different neutrino spectra peaked at different energies can be used to measure the 
response (rates and final states) for an arbitrary spectrum shape (see below).

Neutrino beam mean direction

Average neutrino 
production point

θ
OA

 = 4º

θ
OA

 = 2.5º

θ
OA

 = 1.5º

θ
OA

 = 1.0º

(not to scale)

Detecting off-axis angles at νPRISM

Oscillation Analysis with νPRISM

We have performed a Monte Carlo based analysis using νPRISM in the T2K ν
μ
 disappearance 

measurement.

The spectra in i bins of off-axis angle form a set of basis functions: Φ
i

νp(E
ν
).

For a given oscillation hypothesis, we expand the oscillated flux at SK in terms of these basis 
functions:

The C
i
 are derived using the neutrino flux model predictions for νPRISM and SK.

Now we can predict the event distribution at SK using the observed event distributions at νPRISM 
in the i bins of off-axis angle, N

i

νp(E
rec

), and the coefficients C
i
:

In practice there are additional corrections for NC or antineutrino backgrounds and efficiency and 
acceptance differences between SK and νPRISM.

ΦSK (E ν)×P νμ→νμ
(E ν |θ23 ,Δm32

2 )=∑
i=1

NOA

CiΦi

ν p(E ν)

N pred

SK (Erec |θ23 ,Δm32

2 )=∑
i=1

NOA

Ci N i

ν p(Erec)
M

SK

M i

ν p
Fiducial mass 
ratio

SK oscillated flux

Linear combination of 
νPRISM off-axis fluxes

The expansion in terms of νPRISM fluxes works well 
down to ~400 MeV.  Below that, we need to apply 
corrections.

The region of the flux that feeds down into the oscillation 
dip is well modeled by the linear combination.

Flux Model Uncertainties

The C
i
 linear coefficients are derived based on the flux model.

For systematic variations on the flux model, how well does the linear 
combination of νPRISM fluxes reproduce the true SK flux?

Plots show ratios relative to the nominal 
flux for systematic variations.

Top – a change to the hadron production 
model has a similar effect on the 
νPRISM linear combination and true SK 
flux

Bottom - For a change to the beam 
direction, the discrepancy is larger since 
the effect on the flux varies more with 
off-axis angle.

All together, the flux uncertainties are
 5-10%, depending on the neutrino 
energy bin.

Results from Analysis with νPRISM

The νPRISM analysis uses two sets of simulated events:

(1) A nominal NEUT based sample is used to derive all of the corrections applied in 
the νPRISM extrapolation procedure described above.

(2) Toy data are generated by adding generated multinucleon events to NEUT     
using the model of Nieves et. al. (PRC 83:045501) or an ad-hoc model motivated 
by the model of Martini et. al. (PRC 84:055502).

The predicted SK spectrum is derived with the extrapolation procedure using MC (1) 
and toy  νPRISM data from MC (2).

Toy SK data from MC (2) are then fit using the νPRISM derived predicted spectra.

The predicted SK spectra using the linear combination of νPRISM toy data model 
well the change to the SK spectra from adding the multinucleon events.

We compare results on the fitted biases for sin2θ
23

 with a previous T2K study that 

used a similar toy Monte Carlo method and constraints from ND280 toy data:

sin2θ
Mult-N

-sin2θ
Nominal

      -0.1       -0.05          0          0.05        0.1

Toy data fits with νPRISMToy data fits with ND280

Mean = -0.013
RMS =   0.015

The bias in sin2θ
23

 measurements is almost completely eliminated, while the 

variation among the toy experiments is also reduced.

Preliminary

When multinucleon events are added to the νPRISM 
toy data, their effect is propagated to the predicted 
SK spectrum (blue histogram above). 

νPRISM and Short-Baseline Oscillations

Particle ID in water Cherenkov detectors such as SK can separate well muons, electrons and π0s.

Can do a search for electron neutrino appearance in νPRISM to probe short-baseline oscillations 
through a sterile neutrino.  Motivated by LSND and MiniBooNE anomalies.

Unique approach using bins in off-axis angle keeps the baseline fixed while varying the average 
energy of the neutrino spectrum.

Initial analysis uses 10 bins in off-axis angle from 1º to 4º.

In each off-axis angle bin, we use 10 bins in reconstructed energy.

Systematic uncertainties on the neutrino flux and cross section models are applied.

At the moment, no constraint from ND280 event rates or the muon neutrino event rates in νPRISM 
are applied.

Assume 5.4e20 protons on target for each off-axis angle bin – achievable during lifetime of T2K – 
and a 8 m diameter inner detector.

90% confidence exclusion sensitivity for ν
e
 appearance

Have sensitivity to exclude the MiniBooNE allowed region 
at 90% confidence.

Expect significant improvements to the analysis by 
using ND280 data, measuring the electron 
neutrino/muon neutrino rates in νPRISM, and 
increasing the selection efficiency and purity.

Conclusion

Modeling the relationship between E
rec

 and E
ν
 is a potentially dominant 

source of systematic uncertainty for future precision oscillation 
measurements.

The νPRISM detector minimizes the model dependence by taking 
advantage of the off-axis effect to directly constrain the relationship 
using data.

Preliminary studies show that the systematic uncertainty related to this 
modeling can be significantly reduced with νPRISM data.

The νPRISM detector also has the potential to probe other physics, 
such as short base-line neutrino oscillations.

T2K is working to fully evaluate the potential of νPRISM as a near 
detector for the T2K experiment.

Preliminary

Discreteness 
due to Δχ2 grid

SK Toy Data, w/o Multinucleon

SK Toy Data, w/ Multinucleon

w/ Multinucleon

FIG. 11. A sample fit of the flux in 30 nuPRISM fluxes to
an oscillated Super-K flux is shown. Good agreement can
be achieved, except at low energies due to the 4� maximum
o↵-axis angle seen by nuPRISM.

The nuPRISM candidate events are events with a sin-
gle observed muon ring and no-other observed particles,
matching the selection applied at Super-K. After the
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�
✓23, �m

2
32

�
coe�cients are derived, they are used to

make linear combination of observed candidate event dis-
tributions from each nuPRISM o↵-axis bin. In this case
the observables are the momentum and polar angle of
the scattered muon candidate, and hence the expected
Super-K distribution of these observables is predicted by
the linear combination of observed nuPRISM events.

In order to use these nuPRISM measurements to make
an accurate prediction of Super-K muon kinematics, a se-
ries of corrections are required. First, non-signal events
from either neutral current events or charged current
events with another final state particle above Cherenkov
threshold, must be subtracted from each near detector
slice. This is particularly important for neutral current
events, which depend on the total flux rather than the
oscillated flux at Super-K, but depend on the oscillated
flux in the nuPRISM linear combination. This back-
ground subtraction is model dependent, and is a source
of systematic uncertainty, although neutral current inter-
actions can be well constrained by in situ measurements
at nuPRISM. The di↵erences in detector e�ciency and

FIG. 12. The weights for each o↵-axis bin produced in the
nuPRISM flux fits are shown after requiring that neighboring
bins have similar values (top; as in Figure 13 left column) and
with neighboring bins allowed to vary more freely relative to
each other (bottom; as in Figure 13 right column).

resolution must also be corrected. The e�ciency di↵er-
ences are due to di↵erences in detector geometry and are
largely independent of cross section modeling. Detec-
tor resolutions must be well determined from calibration
data, but this e↵ect is somewhat mitigated due to the
fact that the near and far detector share the same de-
tector technology. Finally, for the present analysis, the
two dimensional muon momentum vs angle distribution
is collapsed into a one dimensional Erec distribution us-
ing a transfer matrix, Mi,p,✓ (Erec). This is an arbitrary
choice that does not introduce model dependence into the
final result, and has only been used for consistency with
existing T2K ⌫µ disappearance results. Future analyses
can be conducted entirely in muon momentum and angle
variables.

The final expression for the nuPRISM prediction for

Reproduce Super-K Oscillation
Pattern at a Near Detector!

This is the procedure 
used for the

T2K/nuPRISM
νμ disappearance 

analysis
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νPRISM νμ Disappearance Constraint

Martini Model
(with Nieves
final states)

Bias = -2.9%
RMS = 3.2% Nieves Model

Bias = -0.06%
RMS = 1.0%

Standard T2K
Analysis νPRISM

Analysis

Martini Model
(with Nieves
final states)

Bias = -0.1%
RMS = 1.2%

Nieves Model

Bias = 0.3%
RMS = 3.6%

• Fake data studies show the bias in θ23 is 
reduced from 4.3%/3.6% to 1.2%/1.0%

• More importantly, this is now based on a data 
constraint, rather than a model-based guess

• Expect the NuPRISM constraints to get 
significantly better as additional constraints 
are implemented (very conservative errors)

6



Sterile Neutrinos

• The 1 km baseline is ideal for sterile neutrinos

• Like Fermilab SB, but with a much bigger detector (5kt vs 0.6kt)

• Many repeated measurements for varying energy spectra

• Signal and background events vary differently across the detector

• Continuously sample a variety of L/E values

Sterile neutrinos search

30

1km,1200MeV
1km,850MeV

1km,600MeV

~1km is a good
distance for sterile 
ν search at T2K
beam energy

More details
this afternoon!
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ν Cross Section Measurements
• Mono-energetic neutrino 

beams are ideal for 
measuring neutrino cross 
sections

• Can provide a strong 
constraint on new 
models

• T2K νμ disappearance is 
subject to large NCπ+ 
uncertainties

• 1 existing 
measurement

• NuPRISM can place a 
strong constraint on 
this process vs Eν
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Figure 27: The NC⇡+ cross section as predicted by NUANCE vs. true neutrino
energy overlaid with the only measurement (on C3H8CF3Br). Figure from Ref. [27]

standing of cross section processes around 1 GeV neutrino energy. In particular,1298

⌫PRISM-Lite will help us understand for CC0⇡ events, if the shape and size of the1299

PDD and mulitnucleon components are modeled correctly. Furthermore, ⌫PRISM-1300

Lite can provide new information on the pion kinematics out of NC interactions1301

relevant to the oscillation analysis and the energy dependence of those cross sec-1302

tions.1303

5.5 ⌫PRISM-Lite 1-Ring e-like Ring Measurements (A. Kon-1304

aka)1305

Single ring e-like events in ⌫PRISM-Lite at an o↵-axis angle of 2.5� in principle1306

provide a reliable estimate of the ⌫

e

appearance background at SK, since the near-1307

to-far extrapolation correction is small. This includes both beam ⌫

e

, NC⇡0, and NC1308

single � (NC�) backgrounds with production cross section and detection e�ciency in1309

water folded in. For a ⌫

e

background study with better than ⇠10% precision, more1310

careful studies are required: for example, the � background from outside the detector1311

scales di↵erently between the near and far detectors due to their di↵erent surface1312

to volume ratio. Contributions from CC backgrounds, e.g. CC⇡0 events created1313

outside the detector, would also be di↵erent between near and far detector due to1314

oscillation. Careful identification of each type of single ring e-like events is required.1315

As described below, the ⌫PRISM-Lite capability of covering wide o↵-axis ranges1316

makes such a study possible. It also enables relative cross section measurements1317

between ⌫

e

and ⌫

µ

, which are considered to be the limiting systematics for measuring1318

CP violation. It also provides a more definitive study of the sterile neutrinos search1319

in ⌫

µ

! ⌫

e

oscillation: The 1km location of nuPRISM for the o↵-axis peak energies1320

of 0.5-1.0GeV matches the oscillation maximum for the sterile neutrinos hinted by1321

50
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Timescales
• The T2K 2 km detector provides a 

• NuPRISM construction time is 
faster

• Same pit depth as the 2km 
detector, but no excavation of 
a large cavern at the bottom of 
the pit

• Smaller instrumented volume

• No LAr or MRD detector

• < 3 year timescale from approval 
to data taking

• Goal is to start data taking in time 
for the J-PARC 700kW beam 
(2018?)

• Ideally, ground breaking would 
start in 2016

Preparation
Excavation
MRD detector preparation
Liquid Argon Assembly
MRD Installation
Water tank construction
Liquid Argon installation
Surface facilities
PMT module preparation
Liqid Argon (surface)
Liquid Argon (Cryogenic)
Water system
Water Ch. (PMT etc)
MRD electronics
L.Ar. filling and purifying
Water filling and purifying

Pure water and liquid Argon production

Facility construction
Detector construction (on site)
Detector construction (off site, i.e., @J-PARC)

       Year 1        Year 2 Year 3        Year 4

Figure 63: Expected schedule of the 2 km facility and detector complex construction. It is assumed that
the construction will start on the first month of Year 1.

80

and resonance modeling, quasi-elastic modeling including interaction form factors, and the study of nuclear
effects such as binding, Fermi-motion, Pauli exclusion, NN-correlations, PDF modifications, rescattering,
etc.

For the reasons outlined above, we propose to build a detector complex 2 km away from the neutrino
source. The detectors will include a water Cherenkov detector which is the same target material as Super-K
in order to cancel the neutrino interaction effects, a liquid argon tracking detector and a muon ranger. 2 km
was chosen as the distance by optimizing for the measured event rate and the similarity of the near/far
fluxes. Fig. 8 shows a perspective representation of the 2KM detector complex.

Figure 8: A schematic view of the 2KM detector complex composed of a liquid argon TPC, a water
Cherenkov Detector and a muon ranger.

15

T2K
2km detector
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Current Status
• A Letter of Interest (LoI) 

was submitted to the J-
PARC PAC in November 
2014

• arXiv:1412.3086

• Full proposal to be 
submitted in June

• 50 physicists (and growing)

• Several non-T2K 
members have joined

• Room for many more

• Total cost is $15-$20M

• US can make a big 
impact for <10% of the 
total project cost

• US contributions can 
also include PMTs from 
MiniBooNE or Daya Bay

Letter of Intent to Construct a nuPRISM Detector in the J-PARC Neutrino Beamline

S.Bhadra,24 A.Blondel,3 S.Bordoni,5 A.Bravar,3 C.Bronner,9 J. Caravaca Rodŕıguez,5 M.Dziewiecki,23

T.Feusels,1 G.A. FiorentiniAguirre,24 M.Friend,4, ⇤ L.Haegel,3 M.Hartz,8, 22 R.Henderson,22 T. Ishida,4, ⇤

M. Ishitsuka,20 C.K. Jung,11, † A.C.Kaboth,6 H.Kakuno,25 H.Kamano,13 A.Konaka,22 Y.Kudenko,7, ‡

M.Kuze,20 T.Lindner,22 K.Mahn,10 J.F.Martin,21 J.Marzec,23 K.S.McFarland,15 S.Nakayama,18, †

T.Nakaya,9, 8 S.Nakamura,12 Y.Nishimura,19 A.Rychter,23 F. Sánchez,5 T. Sato,12 M.Scott,22 T. Sekiguchi,4, ⇤

M.Shiozawa,18, 8 T. Sumiyoshi,25 R.Tacik,14, 22 H.K.Tanaka,18, † H.A.Tanaka,1, § S.Tobayama,1 M.Vagins,8, 2

J.Vo,5 D.Wark,16 M.O.Wascko,6 M.J.Wilking,11 S.Yen,22 M.Yokoyama,17, † and M. Ziembicki23

(The nuPRISM Collaboration)
1University of British Columbia, Department of Physics and Astronomy, Vancouver, British Columbia, Canada

2University of California, Irvine, Department of Physics and Astronomy, Irvine, California, U.S.A.
3University of Geneva, Section de Physique, DPNC, Geneva, Switzerland

4High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki, Japan
5Institut de Fisica d’Altes Energies (IFAE), Bellaterra (Barcelona), Spain

6Imperial College London, Department of Physics, London, United Kingdom
7Institute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia

8Kavli Institute for the Physics and Mathematics of the Universe (WPI), Todai
Institutes for Advanced Study, University of Tokyo, Kashiwa, Chiba, Japan

9Kyoto University, Department of Physics, Kyoto, Japan
10Michigan State University, Department of Physics and Astronomy, East Lansing, Michigan, U.S.A.

11State University of New York at Stony Brook, Department of Physics and Astronomy, Stony Brook, New York, U.S.A.
12Osaka University, Department of Physics, Osaka, Toyonaka, Japan

13Osaka University, Research Center for Nuclear Physics(RCNP), Ibaraki, Osaka, Japan
14University of Regina, Department of Physics, Regina, Saskatchewan, Canada

15University of Rochester, Department of Physics and Astronomy, Rochester, New York, U.S.A.
16STFC, Rutherford Appleton Laboratory, Harwell Oxford, and Daresbury Laboratory, Warrington, United Kingdom

17University of Tokyo, Department of Physics, Tokyo, Japan
18University of Tokyo, Institute for Cosmic Ray Research, Kamioka Observatory, Kamioka, Japan

19University of Tokyo, Institute for Cosmic Ray Research, Research Center for Cosmic Neutrinos, Kashiwa, Japan
20Tokyo Institute of Technology, Department of Physics, Tokyo, Japan

21University of Toronto, Department of Physics, Toronto, Ontario, Canada
22TRIUMF, Vancouver, British Columbia, Canada

23Warsaw University of Technology, Institute of Radioelectronics, Warsaw, Poland
24York University, Department of Physics and Astronomy, Toronto, Ontario, Canada

25Tokyo Metropolitan University, Department of Physics, Tokyo, Japan
(Dated: December 13, 2014)

As long-baseline neutrino experiments enter the precision era, the di�culties associated with understanding neutrino inter-
action cross sections on atomic nuclei are expected to limit experimental sensitivities to neutrino oscillation parameters. In
particular, the ability to relate experimental observables to the incident neutrino energy in all previous experiments has relied
solely on theoretical models of neutrino-nucleus interactions, which currently su↵er from very large theoretical uncertainties.

By observing charged current ⌫µ interactions over a continuous range of o↵-axis angles from 1� to 4�, the nuPRISM water
Cherenkov detector can provide a direct measurement of the far detector lepton kinematics for any given set of oscillation
parameters, which largely removes neutrino interaction modeling uncertainties from T2K oscillation measurements. This
naturally provides a direct constraint on the relationship between lepton kinematics and neutrino energy. In addition, nuPRISM
is a sensitive probe of sterile neutrino oscillations with multiple energy spectra, which provides unique constraints on possible
background-related explanations of the MiniBooNE anomaly. Finally, high-precision measurements of neutrino cross sections
on water are possible, including electron neutrino measurements and the first ever measurements of neutral current interactions
as a function of neutrino energy.

The nuPRISM detector also provides significant benefits to the proposed Hyper-Kamiokande project. A demonstration
that neutrino interaction uncertainties can be controlled will be important to understanding the physics reach of Hyper-K. In
addition, nuPRISM will provide an easily accessible prototype detector for many of the new hardware components currently
under consideration for Hyper-K. The following document presents the configuration, physics impact, and preliminary cost
estimates for a nuPRISM detector in the J-PARC neutrino beamline.

⇤

also at J-PARC, Tokai, Japan

†

a�liated member at Kavli IPMU (WPI), the University of

Tokyo, Japan

‡

also at Moscow Institute of Physics and Technology and National

Research Nuclear University ”MEPhI”, Moscow, Russia

§

also at Institute of Particle Physics, Canada

Spokespeople
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Summary
• NuPRISM is the only experimental mechanism that can largely remove 

neutrino interaction uncertainties from oscillation measurements

• An experimental solution to the neutrino energy measurement 
problem!

• Important for T2K

• Essential for next generation experiments

• Many other important measurements (sterile-ν, unique cross sections)

• NuPRISM is a stand-alone experimental collaboration of >50 physicists

• Several members that are not T2K members

• Full proposal will be submitted to the J-PARC PAC in June

• With stage-1 approval, Japanese funding can be sought

• Collaborators from KEK, ICRR, and several other Japanese 
institutions will host the project

• US can play a large role with a relatively modest (< 10%) contribution 
to the project

11



Supplement
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How We Typically Perform 
Oscillation Analyses

µ 

Observed far
detector signal:

1-ring muon events

CCQE: μ- + p
(p unobserved)

CCπ+: μ- + N + π+

(p, π+ unobserved)

CCDIS: μ- + X
(X unobserved)

NCπ+: π+ + n
(π+ misidentified,

n unobserved)

Composed
Of:

Parameter E⌫ Range Nominal Error Class

M

QE
A all 1.21 GeV/c

2 0.45 shape

M

RES
A all 1.41 GeV/c

2 0.11 shape

pF
12C all 217 MeV/c 30 shape

EB
12C all 25 MeV 9 shape

SF 12C all 0 (off) 1 (on) shape

CC Other shape ND280 all 0.0 0.40 shape

Pion-less � Decay all 0.0 0.2 shape

CCQE E1 0 < E⌫ < 1.5 1.0 0.11 norm

CCQE E2 1.5 < E⌫ < 3.5 1.0 0.30 norm

CCQE E3 E⌫ > 3.5 1.0 0.30 norm

CC1⇡ E1 0 < E⌫ < 2.5 1.15 0.43 norm

CC1⇡ E2 E⌫ > 2.5 1.0 0.40 norm

CC Coh all 1.0 1.0 norm

NC1⇡0 all 0.96 0.43 norm

NC 1⇡± all 1.0 0.3 norm

NC Coh all 1.0 0.3 norm

NC other all 1.0 0.30 norm

⌫µ/⌫e all 1.0 0.03 norm

⌫/⌫̄ all 1.0 0.40 norm

Table 5: NIWG 2012a cross section parameters for the fit, showing the applicable range of neutrino

energy, nominal value and prior error. The type of systematic (shape or normalization) is also

shown. For the BANFFv2 fit, the NC 1⇡±, NC Coh. and NC other normalization parameters are

combined into a single normalization parameter with a prior uncertainty of 0.3 and the uncertainties

on the ⌫µ/⌫e and ⌫/⌫̄ cross section ratios are neglected since the sample consists almost entirely of ⌫µ

interactions. SF 12C is the uncertainty applied that accounds for the difference between the default

relativistic Fermi gas model of the nucleus and a spectral function model of the nucleus.

21

Predicted by
poorly understood

models

Nuclear model

...

Simultaneously
constrain flux

and cross section
parameters with
a near detector

But the near 
and far fluxes 
are different!

SK Oscillated Flux 
Eν→Erec Smearing  

(Eν=0.8 GeV) 
Eν→Erec Smearing  

(Eν=0.8 GeV) 

ND280 Flux 
Goal of NuPRISM is to replace 

this procedure with a data 
measurement (to first order)

13



Erec Distribution
• For now, collapse 2D muon p,θ 

distribution into 1D Erec plot

• Notice the NuPRISM and SK 
distributions disagree

• If they didn’t, we would have no 
cross section systematic errors 
(modulo variations in the flux)

• Differences are from detector 
acceptance & resolution, and 
imperfect flux fit

• Super-K prediction is largely based 
on the directly-measured NuPRISM 
muon kinematics!

• Now, only a small amount of model 
extrapolation is needed

• T2K measurements are now 
largely independent of cross 
section modeling!

Now, NuPRISM
directly measures

most of this
distribution

The remaining 
model-dependent
correction factor 
(i.e. systematic 
uncertainty) is 
relatively small

Previously, the entire
predicted Erec distribution

at Super-K was based on
model extrapolation

14
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Fig. 20 shows that the nuPRISM 2.5��4.0� o↵-axis ⌫e

flux can be reproduced by the linear combination of ⌫µ

fluxes for the 0.3-1.5 GeV energy range. Above 1.5 GeV

the ⌫e flux cannot be produced since the fall-o↵ of the
⌫µ fluxes is steeper. However, this region will have little
impact for the ratio measurement for a couple of reasons.
First, Fig. 20 shows the flux multiplied by the energy to
approximate the e↵ect of the cross section, but the cross
section for CC interactions producing no detectable pi-
ons is growing more slowly than this linear dependence
and the rate from the high energy flux will be lower than
it appears in the figure. Second, the analysis will be
applied in the limited lepton kinematic range where the
nuPRISM muon acceptance is non-zero, cutting out for-
ward produced high momentum leptons. This will also
suppress the contribution from the high energy part of
the flux.
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FIG. 20. Fits of the o↵-axis nuPRISM ⌫µ fluxes to
the nuPRISM 2.5� � 4.0� o↵-axis ⌫e flux (top) and
the oscillated+intrisic beam ⌫e at SK (bottom) assum-
ing sin22✓13=0.094, �cp=0, �m2

32 = 2.4 ⇥ 10�3eV2 and
sin2✓23=0.5.

2. Predicting oscillated ⌫e for the appearance measurement

As discussed in the previous section, the cross section
ratio of �⌫e/�⌫µ can be measured using beam ⌫e and ⌫µ

interaction candidates in nuPRISM. The measured cross
section ratio can be used to apply the nuPRISM extrapo-
lation method to predict the ⌫e candidates at SK for the
appearance measurement. Following the procedure used
for the disappearance analysis, the oscillated+intrinsic
beam ⌫e flux is described by a linear combination of the
nuPRISM o↵-axis ⌫µ fluxes:

�SK
⌫µ

(E⌫)P⌫µ!⌫e(E⌫ |✓13, �cp, ...) + �SK
⌫e

(E⌫)

=
X

ci(✓13, �cp, ...)�
i
⌫µ

(E⌫).
(5)

�SK
⌫µ

(E⌫) and �SK
⌫e

(E⌫) are the predicted ⌫µ and ⌫e

fluxes at SK in the absence of oscillations. P⌫µ!⌫e is
the ⌫µ to ⌫e oscillation probability. �i

⌫µ
(E⌫) is the i

th

o↵-axis ⌫µ flux in nuPRISM and the ci are the derived
coe�cients that depend on the oscillation hypothesis be-
ing tested. Fig. 20 shows the level of agreement that can
be achieved between the linear combination of nuPRISM
fluxes and the predicted SK ⌫e flux for a particular os-
cillation hypothesis. The agreement is excellent between
0.4 and 2.0 GeV. Below 0.4 GeV, the second oscillation
maximum is not reproduced, but the rate from this part
of the flux is small.

Using the derived ci coe�cients, the measured muon
p, ✓ distributions from nuPRISM are used to predict the
SK p, ✓ distribution for the ⌫e flux. An additional correc-
tion must be applied to correct from the predicted muon
distribution for ⌫µ interactions to the predicted electron
distribution for ⌫e interactions. This correction is derived
from the cross section models which are constrained by
the ratio measurement described in the previous section.

3. Backgrounds from ⌫µ’s

The backgrounds from ⌫µ comes from NC⇡

0 events
with one � missed, NC� events (� ! N�), CC events
with e/µ mis-ID, �’s coming from ⌫ (mainly ⌫µ) interac-
tion outside the detector (dirt or sand events). Because
the ⌫µ energy spectrum changes dramatically as a func-
tion of vertex positions (= o↵-axis angles) in nuPRISM,
these background processes can be studied and verified
by comparing their vertex distributions.

The NC⇡

0 rate can be measured by detecting two �’s
in nuPRISM. By using the hybrid ⇡

0 technique used in
T2K-SK analysis, the ⇡

0 backgrounds with a missing �

can be estimated using the beam ⌫e and Michel elec-
trons as electron samples combined with a Monte Carlo
� event. The NC⇡

0 rate can also be used to estimate the
NC� rate. As mentioned above, dirt/sand background is
suppressed by having fully active outer veto detector and
the fiducial volume cut. The vertex distribution of the ⌫e

events as a function of the distance from the (upstream)

nuPRISM CPV (νe Appearance)

• Step 1 is the νe version of the νμ disappearance analysis

• Step 2 uses only nuPRISM to measure σ(νe)/σ(νμ)

• High energy disagreement is above muon acceptance

• These plots show flux*Eν, so difference is 1-ring μ events is smaller

2 step approach:
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Step 1: Measure Super-K νe response
with nuPRISM νμ

Step 2: Measure nuPRISM νe response 
with nuPRISM νμ

High-E is above
muon acceptance

If σ(νe)/σ(νμ)=1
this fit is all

that is needed Measure
σ(νe)/σ(νμ)

15



Anti-neutrinos
• T2K can switch between ν-mode and 

anti-ν-mode running by switching the 
beam focusing

• Anti-ν-mode analysis is the same as for 
neutrinos

• Except with a much larger neutrino 
contamination

• Can use ν-mode νμ data to construct the 
νμ background in the anti-ν-mode anti-
νμ data

• Statistical separation of neutrinos 
from anti-neutrinos, rather than 
event-by-event sign selection

• After subtracting neutrino background, 
standard NuPRISM oscillation analyses 
can be applied to anti-neutrinos

23
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FIG. 22. The nuPRISM anti-neutrino mode wrong-sign ⌫µ
fluxes for 1.0� 2.0� (top), 2.0� 3.0� (middle) and 3.0� 4.0�

(bottom), and the nuPRISM linear combinations of neutrino
mode ⌫µ fluxes.
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FIG. 23. The correlations between the flux normalization
parameters for energy bins from 0 to 5 GeV for the neutrino
mode and anti-neutrino mode ⌫µ fluxes.

not know, for a given interaction, the incident neutrino
energy. Any given measurement is always averaged over
the entire flux. The observed rate N in a given observable
bin k depends on the convolution of the cross section, �,
and the flux, �:

N

k = ✏k

Z
�(E⌫)�(E⌫)dE⌫ (9)

where ✏ is the e�ciency. Therefore, our understand-
ing of the energy dependence of neutrino interaction for
a particular experiment is limited by the flux width and
shape. One then attempts to use di↵erent neutrino fluxes
(with di↵erent peak energies) to try to understand the
cross section energy dependence. As discussed later in
this section, for CC interactions we have many examples
of disagreements between experiments, and for NC, we
have a limited number of measurements made, and the
lack of information and conflicting information leaves un-
resolved questions about the true energy dependence of
the cross section.

In addition to providing new measurements on oxygen,
there are two main advantages of nuPRISM over the cur-
rent paradigm. First, we can directly infer the energy de-
pendence of the cross section by combining measurements
at di↵erent o↵-axis angles into a single measurement, as
if we would have had a Gaussian neutrino flux source.
Second, and equally important, we can fully understand
the correlations between energy bins, in a way not possi-
ble previously when comparing across experiments with
entirely di↵erent flux setups.

In CC interactions, previous experiments use the muon
and hadronic system to try to infer the neutrino energy
dependence. nuPRISM has the capability to directly test
if the neutrino energy dependence inferred from the lep-
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Effect on T2K νμ Disappearance
• Create “fake data” samples with flux and cross 

section variations

• With and without multi-nucleon events

• For each fake data set, full T2K near/far 
oscillation fit is performed

• For each variation, plot difference with and 
without multi-nucleon events

• For Nieves model, “average bias” (RMS) = 3.6%

• For Martini model, mean bias = -2.9%, RMS = 
3.2%

• Full systematic = √(2.9%2+3.2%2) = 4.3%

• This would be one of the largest systematic 
uncertainties

• But this is just a comparison of 2 models

• How much larger could the actual systematic 
uncertainty be?

• We need a data-driven constraint!

Nieves Model

Bias = 0.3%
RMS = 3.6%

Hacked-up 
Martini Model

Bias = -2.9%
RMS = 3.2%
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Interpreting Linear Combinations
• After νPRISM linear combination:

• CC-νμ spectrum should reproduce 
oscillated far detector spectrum:
Good!

• NC-νμ backgrounds will also appear 
“oscillated”:
Bad!

• NC events are unaffected by 
oscillations at Super-K

• NC events must be subtracted at both
Super-K and nuPRISM

• Introduces cross section model 
dependence

• However, NC backgrounds can be very well 
measured using mono-energetic beams

• Significantly reduces cross section model 
dependence

• In current analysis (see later slides), NC 
constraint has not yet been applied

• Conservative errors

ν Energy Spectrum
Flux < 1 GeV is dominated by π+ decay

νμ produced in 2-body decay
νe produced in 3-body decay
☞ νμ experience more off-axis affect

π+ → μ+ νμ
→ e+ νe νμ
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More on Beam Errors
• Haven’t we just replaced unknown cross section 

errors with unknown flux errors?

• Yes! But only relative flux errors are important!

• Cancelation exist between nuPRISM and far 
detector variations

• Normalization uncertainties will cancel in the 
νPRISM analysis

• Cancelations persist, even for the νPRISM linear 
combination

• Shape errors are most important

• For scale, 10% variation near the dip means
~1% variation in sin22θ23

• Although this region is dominated by feed down

• Full flux variations are reasonable

• No constraint used (yet) from existing near 
detector!
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Super-K Flux
νPRISM Flux Fit 

Flux Fit

• Fit for coefficients of 60 off-axis νPRISM slices to match a chosen Super-K oscillated 
spectrum

• Fit between 400 MeV and 2 GeV

• Repeat this fit for every set of oscillation parameters

• Notice disagreement at low energy

• The most off-axis flux (4°) peaks at 380 MeV, so difficult to fit lower energies

• Could extend detector further off-axis, but the low energy region is not very 
important to extract oscillation physics (e.g. nuclear feed-down not an issue)

Δm232=2.41e-3
sin2θ23=0.48
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nuPRISM Prediction for Super-K
• Efficiency correction is still needed for both νPRISM and Super-K

• νPRISM and Super-K have different detector geometries

• Particles penetrate ID wall (and get vetoed) more often in nuPRISM

• Particle ID degrades near the tank wall

• The efficiency correction is performed in muon momentum and angle 
to be as model independent as possible

• This should be nearly a pure geometry correction

• For now, fit in Super-K Erec distribution (in future, just use muon p,θ)

weight for
off-axis slice, i

# events in
muon p,θ bin

in slice, i

background
subtraction

efficiency
ratio

translation
matrix

p,θ ➞ Erec

predicted
Super-K Erec
distribution

ESK
rec,j(�m2

32, ✓23) =
X

p,✓

"
OAanglesX

i

ci(�m2
32, ✓23)

�
Nobs

p✓i �Bp✓i

� ✏SK
p✓

✏⌫PRISM
p✓i

#
⇤Mp✓j
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Systematic Covariance Matrices

• Fractional uncertainties are shown (normalized to bin content)

• At high energies, νPRISM provides no constraint

• Detector acceptance: all muons exit the inner detector

• Subject to full flux & cross section uncertainties

• Bin 3 (600-700 MeV) has a 6% uncertainty

Analysis is performed in unequal-sized Erec bins

05/10/14 Mark Scott, T2K ND upgrade meeting 12

Flux and XSec uncertainty
● Xsec uncertainties should largely cancel at νPRISM – amount of 

cancellation depends on how well flux combination matches SK flux 

● Need to throw flux and cross section uncertainties together

● Combined flux and cross 
section uncertainty around 5% 
at the oscillation dip
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Smoothed ν-Flux Fits

• Smoothed flux fits do 
not match as well

• Easy to improve, if 
necessary

• However, very small 
increase to systematic 
uncertainties

• Flux systematic 
variations are 
large

• Fits can be improved

• Smoothness can be 
relaxed near fast-
changing features

• Off-axis angle bins 
need not be equal 
size

Δm232=2.56e-3
sin2θ23=0.61

Δm232=2.41e-3
sin2θ23=0.48

Δm232=2.26e-3
sin2θ23=0.41

ν-Fluxes

Δm232=2.56e-3
sin2θ23=0.61

Erec

Δm232=2.41e-3
sin2θ23=0.48

Δm232=2.26e-3
sin2θ23=0.41
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Detector Location: 
Energy Spectrum Ratio

• At 280 m, the flux shape has 20-30% differences below 1 GeV

• Uncertainty in the ratio is noticeably larger, but mostly above 1 GeV

• The difference between 1km and 2km is small in both shape and shape 
uncertainty

T2HK-ND Meeting Flux Generation 6

Neutrino Mode F/N Ratios

Still up to 10% 
deviation from 
 flat

Due to line vs. 
point source 
or finite extent 
of ND plane?

Hadpro Errors  6

F/N Error, Nu Mode

SK/280 m
SK/1 km
SK/2 km

From kaon 
error in 
overlap region 
between pion 
and kaon 
production

νμ Flux Ratio (SK/ND) νμ Flux Ratio Error (SK/ND)
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Other Design Considerations
• Civil construction is expensive!

• Smaller hole = More affordable

• Off-axis angle range (i.e. Eν range)

• On-axis flux peaks at 1.2 GeV

• 4° (6°) off-axis peaks at ~380 (~260) MeV

• Beam points 3.63° below horizon, so get ~4° for free

• Distance to target

• At 1 (1.2) km , need 54 (65) m deep pit to span 1°-4°

• Event pileup must be manageable (see later slides)

• Tank diameter

• Determines maximum muon contained

• 4 m (+ FV cut) for 1 GeV/c muon

• PID degrades near the wall

• Important for selecting e-like events

• Larger = more stats, but also more pileup

• Larger = more PMTs = more expensive

• How much outer detector is necessary?
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Event Pileup
• Full GEANT4 simulation of water and 

surrounding sand

• Using T2K flux and neut cross section 
model

• 8 beam bunches per spill, separated by
670 ns with a width of 27 ns (FWHM)

• 41% chance of in-bunch OD activity during 
an ID-contained event

• Want to avoid vetoing only on OD light 
(i.e. using scintillator panels)

• 17% of bunches have ID activity from 
more than 1 interaction

• 10% of these have no OD activity

• Need careful reconstruction studies

• (but multi-ring reconstruction at 
Super-K works very well)

Pileup Rates at 1 km Look Acceptable!
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Detector Frame
• Initial proposal for ID/OD frame and lifting 

mechanism has been produced

• Careful consideration given to water flow 
rate while in motion

• 4 towers allow the entire detector to be 
lifted out of the water tank for maintenance

Top View
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Physics Capabilities
• Direct measurement of the 

relationship between lepton 
kinematics and neutrino energy

• No longer rely solely on models

• 4π detector (like Super-K)

• Target material is water (like Super-K)

• Can directly measure NC 
backgrounds

• Very good e/μ separation

• Can make a precise measurement of 
beam νe

• π0 background is well separated

• Can also constrain νe cross sections

Fraction of muons misIDed as electrons
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T2K Uncertainties

These are very nice constraints!
(if the current parametrization is to be believed)
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